Helicobacter pylori is the strongest risk factor for gastric cancer. Initial interactions between H. pylori and its host occur at the epithelial cell surface, and this activates signaling pathways that drive oncogenesis. This manuscript defines strain-specific gastric epithelial proteomic changes induced by H. pylori in vivo that are critical for initiation of the gastric carcinogenesis. Protein targets were validated in human gastric epithelial cells in vitro, primary human gastric epithelial monolayers, and H. pyloriinfected gerbil and human tissue in vivo.
In Brief
Helicobacter pylori is the strongest risk factor for gastric cancer. Initial interactions between H. pylori and its host occur at the epithelial cell surface, and this activates signaling pathways that drive oncogenesis. This manuscript defines strain-specific gastric epithelial proteomic changes induced by H. pylori in vivo that are critical for initiation of the gastric carcinogenesis. Protein targets were validated in human gastric epithelial cells in vitro, primary human gastric epithelial monolayers, and H. pyloriinfected gerbil and human tissue in vivo.
Graphical Abstract
Gastric adenocarcinoma is the third leading cause of cancer-related death worldwide and accounts for greater than 720,000 deaths annually (1) . The strongest known risk factor for this malignancy is chronic gastritis induced by the microbial pathogen Helicobacter pylori (2) . H. pylori colonizes greater than 50% of the world's population (3); however, only a fraction of infected individuals ever develop cancer. The specific mechanisms by which H. pylori initiates gastric carcinogenesis are not completely understood, but disease outcomes are mediated through complex interactions between H. pylori strain-specific virulence determinants and host cell signaling responses. Initial interactions between H. pylori and the host originate at the gastric epithelial cell interface, and contact between H. pylori and gastric epithelial cells activates signaling pathways that drive oncogenesis. One microbial constituent that increases the risk for gastric cancer is the cag pathogenicity island, which encodes a bacterial type IV secretion system (T4SS) 1 that translocates the effector protein, CagA, into host gastric epithelial cells. Intracellular CagA can become phosphorylated (4 -6) or remain unphosphorylated.
In either form, CagA affects multiple host pathways that lead to alterations in cell morphology, signaling pathways, and inflammatory responses (7) (8) (9) (10) (11) . Transgenic mice that overexpress CagA develop gastric epithelial cell hyperproliferation and gastric adenocarcinoma (12) , further implicating CagA as a bacterial oncoprotein.
We previously demonstrated that infection of Mongolian gerbils with a carcinogenic cag ϩ H. pylori strain, 7.13, rapidly induces gastric inflammation and carcinogenesis (13, 14) . Intestinal-type gastric cancer in humans progresses through a series of well-defined pathological stages from normal gastric mucosa to superficial nonatrophic gastritis, to premalignant lesions including atrophic gastritis, spasmolytic-expressing metaplasia (SPEM), intestinal metaplasia, dysplasia, and finally gastric adenocarcinoma (15) . Gerbils exhibit a similar stepwise progression of discrete histopathologic stages along the gastric carcinogenic cascade, including the development of SPEM (16) , dysplasia, and adenocarcinoma within the context of mucosal inflammation (13, 14) . Defining the mechanisms by which H. pylori initiates this cascade has important clinical implications for disease prevention and novel therapeutic interventions. Thus, we hypothesized that H. pylori induces gastric cell-specific proteomic changes critical for initiation of gastric carcinogenesis in the Mongolian gerbil model which are also important in gastric cancer progression in humans. To test this hypothesis, gastric tissue cell scrapings were harvested from uninfected gerbils and gerbils infected with the carcinogenic cag ϩ H. pylori strain, 7.13. Samples were isolated from gerbils prior to the development of any premalignant lesions to directly assess early proteomic changes that may initiate and drive progression along the entire gastric carcinogenic cascade. Gastric samples from two biological replicate experiments were subjected to quantitative proteomic analysis using isobaric tags for relative and absolute quantitation (iTRAQ). Significant H. pylori-induced proteomic alterations were analyzed relative to uninfected controls and subjected to canonical signaling and disease pathway mapping using Ingenuity Pathway Analysis (IPA) to identify critical signaling pathways altered during the early stages of H. pylori infection. Proteomic changes were then validated in in vitro and ex vivo human gastric epithelial cell-H. pylori cocultures, in vivo gerbil gastric epithelium, and in vivo human gastric tissue sections.
EXPERIMENTAL PROCEDURES
Mongolian Gerbil Model-Outbred male Mongolian gerbils were purchased from Charles River Laboratories (Wilmington, MA) and housed in the Vanderbilt University Animal Care Facilities. Wild-type carcinogenic cag ϩ H. pylori strain 7.13 was minimally passaged on trypticase soy agar plates with 5% sheep blood (BD Biosciences, San Jose, CA) and in Brucella broth (BD Biosciences) supplemented with 10% fetal bovine serum (FBS, Atlanta Biologicals, Flowery Branch, GA) for sixteen hours at 37°C with 5% CO 2 . Gerbils were orogastrically challenged with sterile Brucella broth (negative control), wildtype cag ϩ H. pylori strain 7.13, or a cagE Ϫ isogenic mutant, and gerbils were euthanized 6 weeks post-challenge, as previously described (14) . The Vanderbilt University Institutional Animal Care and Use Committee (IACUC) approved all experiments and procedures.
Quantitative H. pylori Culture-Linear strips of gastric tissue, extending from the squamocolumnar junction through the proximal duodenum were harvested and homogenized in sterile phosphatebuffered saline (PBS, Corning, Corning, NY). Following serial dilution, samples were plated on selective trypticase soy agar (TSA, Remel) plates with 5% sheep blood (Hemostat Laboratories, Dixon, CA) containing vancomycin (Sigma-Aldrich, St. Louis, MO, 20 g/ml), nalidixic acid (Sigma-Aldrich, 10 g/ml), bacitracin (Calbiochem, San Diego, CA, 30 g/ml), and amphotericin B (Sigma-Aldrich, 2 g/ml) for selection, isolation and quantification of H. pylori, as previously described (14) . Plates were incubated for 3 to 5 days at 37°C with 5% CO 2 . Colonies were identified as H. pylori based on characteristic spiral morphology, Gram stain (Becton, Dickinson and Company, Franklin Lakes, NJ), and urease and oxidase enzyme activities (Becton, Dickinson and Company). Colony counts were expressed as log colony-forming units (CFU) per gram of gastric tissue.
Histopathology and Steiner Stain-Linear strips of gastric tissue, extending from the squamocolumnar junction through the proximal duodenum, were fixed in 10% neutral-buffered formalin (Azer Scientific, Morgantown, PA), paraffin-embedded, and stained with hematoxylin and eosin (H&E) as well as with a modified Steiner stain for detection of H. pylori. A single pathologist (MBP), blinded to treatment groups, assessed and scored indices of inflammation and injury and topography of colonization by Steiner stain. Severity of acute and chronic inflammation was graded on a scale from 0 -3 (absent (0), mild (1), moderate (2), or marked inflammation (3)) in both the gastric antrum and corpus, leading to a maximum cumulative score of twelve, as previously described (14) .
Isobaric Tags for Relative and Absolute Quantitation (iTRAQ)-Gastric cell scrapings were harvested from linear strips of gerbil gastric tissue, extending from the squamocolumnar junction through the proximal duodenum, and were solubilized in RIPA buffer (50 mM 1 The abbreviations used are: cag T4SS, cag type IV secretion system; 2D LC-MS/MS, 2-dimensional liquid chromatography-coupled tandem mass spectrometry; ACN, acetonitrile; ANOVA, analysis of variance; BH, Benjamini-Hochberg; BLAST, Basic Local Alignment Search Tool; cagA, cytotoxin associated gene product A; cag, T4SS oncogenic effector protein; cagE, cytotoxin associated gene product E; cag T4SS, ATPase; CFU, colony-forming units; CO 2 , carbon dioxide; FBS, fetal bovine serum; FCS, fetal calf serum; FDR, falsediscovery rate; G3BP2, Ras GTPase-activating protein-binding protein 2; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GC, gastric cancer; H&E, hematoxylin and eosin; HCD, higher energy collisional disassociation; HRP, horseradish peroxidase; IACUC, Institutional Animal Care and Use Committee; IHC, immunohistochemistry; IL-1, interleukin-1; Il-6, interleukin-6; IL-8, interleukin-8; IL-17, interleukin-17; IM, intestinal metaplasia; IPA, Ingenuity Pathway Analysis; IRB, Institutional Review Board; iTRAQ, isobaric tags for relative and absolute quantification; MAG, multifocal atrophic gastritis; MAPK, mitogen-activated protein kinase; MIF, macrophage migratory inhibitory factor; MMTS, methyl methanethiosulfonate; MOI, multiplicity of infection; MTT, (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrasodium bromide); NaCl, sodium chloride; NAG, nonatrophic gastritis; NCBI, National Center for Biotechnology Information; PI3K, phosphoinositide 3-kinase; PBS, phosphate-buffered saline; RABEP2, Rab GTPase-binding effector protein 2; SPEM, spasmolytic-expressing metaplasia; TCEP, tris (2-carboxyethyl) phosphine; TEAB, triethylammonium bicarbonate; Th17, T helper 17; TNF, tumor necrosis factor; TNM, tumor, node, and metastasis staging; TSA, trypticase soy agar; UI, uninfected.
Tris, pH 7.2; 150 mM NaCl; 1% Triton X-100; and 0.1% SDS). Gastric cell scrapings were used to examine proteins from the heterogeneous cell populations of the gastric mucosa. Gastric proteins samples from H. pylori-infected tissues (n ϭ 3) were pooled together, as were gastric proteins samples from uninfected tissue (n ϭ 3) for each independent replicate experiment to achieve statistical power to detect significant differences, as previously performed (17) . An equivalent amount of protein was taken from each biological sample, such that the pooled sample contained 100 g of protein in total. Gastric protein samples were precipitated with ice-cold acetone overnight at Ϫ20°C. Following precipitation, samples were centrifuged at 18,000 ϫ g at 4°C, and precipitates were washed with cold acetone, dried, and reconstituted in 8 M urea in 250 mM triethylammonium bicarbonate buffer (TEAB, pH 8.0). Samples were reduced with 5 l of 50 mM tris (2-carboxyethyl) phosphine (TCEP), alkylated with 2.5 l of 200 mM methyl methanethiosulfonate (MMTS), diluted with TEAB to obtain a final solution containing 2 M urea, and digested with sequencing-grade trypsin (Promega, Madison, WI) overnight. To facilitate quantitative analysis, peptides were labeled with iTRAQ reagents (AB Sciex, Concord, Ontario, Canada), according to the manufacturer's instructions. For each 50 g of protein, one unit of labeling reagent was used. Labeling reagent was reconstituted in ethanol, such that each protein sample was labeled at a final concentration of 90% ethanol, and labeling was performed for two hours. Pooled lysates from H. pylori-infected or uninfected gastric tissue were labeled with 4-plex iTRAQ reagent 117 or 115, respectively. Two-plex iTRAQ comparisons were then conducted. The resulting labeled peptides were desalted by a modified Stage-tip method, as previously described (18) . iTRAQ-labeled samples were mixed and acidified with trifluoroacetic acid (TFA). A disc of C18 extraction membrane (C18 SPE Empore disk, Chrom Tech Inc., Apple Valley, MN) was cored with a 16-gauge needle, and the cored piece of membrane was fitted tightly into a 200 l pipette tip. Three mg of C18 resin (Jupiter C18, 5 m particle size, Phenomenex, Torrance, CA) were suspended in 200 l of methanol and loaded into the pipette tip containing the cored C18 membrane. The C18 material was packed into the tip using centrifugation to form a resin-packed C18 clean-up tip (resin tip). Resin tips were equilibrated with 0.1% TFA in HPLC-grade water (Fisher Scientific, Waltham, MA), labeled peptides were loaded into the tip by centrifugation, washed with 0.1% TFA, and eluted with 100 l of 80% acetonitrile (ACN) containing 0.1% TFA. Eluted peptides were dried by speed vacuum centrifugation, and then peptides were reconstituted in 0.1% formic acid and analyzed by 2-dimensional liquid chromatography-coupled tandem mass spectrometry (2D LC-MS/MS). Peptides were loaded onto a self-packed biphasic C18/SCX MudPIT column using a Helium-pressurized cell (pressure bomb).
The MudPIT column consisted of 360 ϫ 150 m i.d. fused silica, which was fitted with a filter-end fitting (IDEX Health & Science, Oak Harbor, WA) and packed with 6 cm of Luna SCX material (5 m, 100Å) followed by 4 cm of Jupiter C18 material (5 m, 300Å, Phenomenex). Once samples were loaded, the MudPIT column was connected using an M-520 microfilter union (IDEX Health & Science) to an analytical column (360 m ϫ 100 m i.d.), equipped with a laser-pulled emitter tip and packed with 20 cm of C18 reverse phase material (Jupiter, 3 m beads, 300Å, Phenomenex). Using a Dionex Ultimate 3000 nanoLC and autosampler, MudPIT analysis was performed with 13 salt steps (0, 25, 50, 75, 100, 150, 200, 250, 300, 500, 1 M, 2 M, and 5 M ammonium acetate). Following each salt pulse delivered by the autosampler, peptides were gradient-eluted from the reverse analytical column at a flow rate of 350 nL/min. Mobile phase solvents (HPLC-grade) consisted of 0.1% formic acid, 99.9% water (solvent A) and 0.1% formic acid, 99.9% acetonitrile (solvent B). For the peptides from the first 11 SCX fractions, the reverse phase gradient consisted of 2-50% B in 80 min, followed by a 10-min equilibration at 2% solvent B. For the last 2 SCX-eluted peptide fractions, the peptides were eluted from the reverse phase analytical column using a gradient of 2-98% solvent B in 80 min, followed by a 10-min equilibration at 2% solvent B. A Q Exactive Plus mass spectrometer (Thermo Scientific, Waltham, WA), equipped with a nanoelectrospray ionization source, was used to mass analyze the eluting peptides. The Q Exactive instrument was operated in data-dependent mode acquiring higher energy collisional disassociation (HCD) MS/MS scans (r ϭ 17,500) after each MS1 scan on the 20 most abundant ions using an MS1 ion target of 3 ϫ 10 6 ions and an MS2 target of 1 ϫ 10 5 ions. The HCD-normalized collision energy was set to 30, dynamic exclusion was set to 30 s, and peptide match and isotope exclusion were enabled. Mass spectra were processed using the Spectrum Mill software package (version B.04.00, Agilent Technologies) and were searched against a database containing the Mus musculus subset of the UniprotKB protein database (www.uniprot.org, UniProtKB Release 2012_06, 16,651 protein entries). MS/MS spectra acquired on the same precursor m/z (Ϯ0.01 m/z) within Ϯ1 s in retention were merged. MS/MS spectra of poor quality, which did not have a sequence tag length Ͼ1, were excluded. A minimum matched peak intensity requirement was set to 50%. Additional search parameters included: trypsin enzyme specificity with a maximum of three missed cleavages, Ϯ20 ppm precursor mass tolerance, Ϯ20 ppm (HCD) product mass tolerance, and fixed modifications including MMTS alkylation of cysteines and iTRAQ labeling of lysines and peptide N termini. Oxidation of methionine was allowed as a variable modification. Autovalidation was performed such that peptide assignments to mass spectra were designated as valid following an automated procedure during which score thresholds were optimized separately for each precursor charge state, and the maximum target-decoy-based false-discovery rate (FDR) was set to 1.0% (19) . If peptide sequences were contained in multiple protein entries present in the database, proteins were groups together and the protein accession number of the highest scoring protein was provided in supplemental Tables S2  and S3 , as previously reported (19) . To obtain iTRAQ protein ratios, the median was calculated for all peptides assigned to each protein.
The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository (https://www.ebi.ac.uk/pride/archive/) with the data set identifier PXD009583. For statistical analysis, log 2 protein ratios were fit to a normal distribution using nonlinear (least squares) regression. The calculated mean derived from the Gaussian fit was used to normalize individual log 2 ratios for each quantified protein. The normalized log 2 ratios were then fit to a normal distribution, and the mean and standard deviation values derived from the Gaussian fit of the normalized ratios were used to calculate p values using Z score statistics. Subsequently, p values were corrected for multiple comparisons by the Benjamini-Hochberg (BH) method (BH FDR p Ͻ 0.05) (20) . After applying the multiple comparisons by the BH method, we allowed all quantified proteins with significant p values less than the BH correction. This resulted in the quantification of 166 proteins significantly altered in abundance following H. pylori infection (supplemental Table S1 ).
RABEP2 and G3BP2 peptides identified from the Mus musculus UniprotKB protein database were queried using the Protein BLAST® (Basic Local Alignment Search Tool) algorithm accessed through the NCBI, National Library of Medicine (https://blast.ncbi.nlm.nih.gov/ Blast.cgi). For BLAST queries, peptide sequences were individually queried and matched to predicted protein sequences from the Mongolian gerbil (Meriones unguiculatus). For both RABEP2 and G3BP2 proteins, all peptides identified following Mus musculus database searches conducted using Spectrum Mill aligned with 100% identity to the predicted peptide sequences from Meriones unguiculatus.
Ingenuity Pathway Analysis (IPA®, Qiagen, Redwood City, CA) was used to determine canonical signaling pathways, disease categories, and networks that were significantly changed with H. pylori infection. Proteins that were significantly changed following iTRAQ quantitative analysis, totaling 166 proteins (supplemental Table S1 ), were used as input for IPA analysis, the Ingenuity Knowledge Base was used as the reference set, and relationships considered for affected networks included both direct and indirect relationships. For Ingenuity Pathway Analysis, a p value was calculated in IPA using Fisher's exact test, and the p value was then converted to a pathway score by converting the p value to the negative log of the p value for each pathway. In order to map proteins to disease categories, IPA was used to determine specific cellular functions that are significantly associated with the input protein dataset. The p value for each category was calculated using Fisher's Exact test in IPA and was used as a measure of the relationship between a set of proteins and the corresponding function and disease.
Immunohistochemistry Analysis of Gerbil Gastric Tissue-To assess RABEP2 and G3BP2 protein expression in gerbil gastric tissue, immunohistochemistry (IHC) analysis was performed on deparaffinized gastric tissue sections using rabbit polyclonal anti-RABEP2 (1:1000, Abcam, Cambridge, MA) and G3BP2 antibodies (1:1000, Abcam). A single pathologist (MBP), blinded to treatment groups, scored epithelial RABEP2 and G3BP2 immunohistochemistry staining in the gastric sections. The percentage of positive epithelial cells was assessed and the intensity of epithelial staining was graded on a scale of 0 -3 (absent (0), weak (1), moderate (2), or strong (3)). Immunohistochemistry data are represented as epithelial RABEP2 and G3BP2 scores, which were determined by multiplying the RABEP2 or G3BP2 staining intensity by the percentage of positively stained cells, as previously described (22) .
Flow Cytometry Analysis of Gerbil Gastric Tissue-Gastric epithelial cells were isolated from frozen uninfected or H. pylori-infected gerbil gastric tissue using a dissociation and dispersion technique, as previous described (21, 22) . Briefly, gastric tissue was treated with 10 mM DTT at room temperature for 30 min. Samples were then transferred to ice and incubated with 1.0 mM EDTA for 1 h, shaking every 10 min to dissociate and disperse cells. Dispersed cells were then filtered through a 70 m filter (BD Falcon TM , Franklin Lakes, NJ) to isolate single cells. Cells were fixed with 0.1% paraformaldehyde (Fisher Scientific) and then permeabilized with ice-cold methanol (Fisher Scientific). Cells were incubated with a rabbit polyclonal anti-RABEP2 antibody (0.4 g/ml, Thermo, Waltham, MA) or a rabbit polyclonal anti-G3BP2 antibody (0.4 g/ml, Thermo) at room temperature for 20 min. Cells were washed and stained with goat anti-rabbit secondary antibody conjugated with Alexa Fluor 488 (1:400, BD Biosciences) and a mouse monoclonal anti-pan-cytokeratin antibody conjugated with phycoerythrin (PE, 0.5 g/ml, Abcam). Cells were acquired using a Guava EasyCyte Flow Cytometer (EMD Millipore, Burlington, MA) and PE pan-cytokeratin-positive cells were analyzed for RABEP2 and G3BP2 expression by using FlowJo (Tree Star Inc., Ashland, OR).
H. Primary Human Gastric Organoid 2D Monolayers-Human fundus was collected during sleeve gastrectomies according to an approved University of Cincinnati IRB protocol (IRB protocol number: 2015-4869). Gastric tissue was washed, digested, and isolated glands were incubated in Matrigel, as previously described (23) . Primary human gastric organoids were then transferred to 2D epithelial cell monolayers, as previously described (23) . Briefly, Matrigel was removed and 3D gastric organoids were plated on collagen-coated plates (23) . Primary 2D gastric monolayers were then cocultured with wild-type cag ϩ H. pylori strains 7.13 or PMSS1, or their isogenic cagE Ϫ mutants at a multiplicity of infection (MOI) of 100:1 for 24 h. Gastric organoid cocultures were then harvested for Western blot analysis.
Western Blot Analysis-Whole cell protein lysates from human gastric epithelial cell and primary human gastric monolayer cocultures were harvested using RIPA buffer (50 mM Tris, pH 7.2; 150 mM NaCl; 1% Triton X-100; and 0.1% SDS) containing protease (Roche, Basel, Switzerland) and phosphatase (Sigma) inhibitors, and protein concentrations were determined by a bicinchoninic acid (BCA) assay (Pierce, Waltham, MA). Proteins (20 g) were separated by SDS-PAGE and transferred (Bio-Rad, Hercules, CA) to polyvinylidene difluoride membranes (PVDF, Millipore). Human RABEP2 and G3BP2 protein expression was quantified using a rabbit polyclonal anti-RABEP2 antibody (1:500, Abcam) or a rabbit polyclonal anti-G3BP2 antibody (1:500, Abcam or 1:500, Thermo). RABEP2 and G3BP2 expression were standardized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) using a mouse polyclonal anti-GAPDH antibody (1:5000, Millipore). Primary antibodies were detected using goat anti-rabbit or goat antimouse horseradish peroxidase (HRP)-conjugated secondary antibodies (1:10,000, Promega, Madison, WI). Protein levels were visualized by Western Lightning Chemiluminescence Reagent Plus (PerkinElmer, Waltham, MA), according to the manufacturer's instructions and then quantified by densitometry using the ImageJ Software (NIH, Bethesda, MD). Protein expression was normalized to the protein expression levels of GAPDH to ensure equal protein loading. Protein expression is represented as fold over uninfected control.
Cell Viability, Proliferation, and Apoptosis Assays-AGS human gastric epithelial cells were plated in 96-well plates and then left untreated or transfected with nontargeting siRNA, RABEP2-targeting (NT) siRNA, or G3BP2-targeting siRNA. After 24 h, cells were then cocultured with H. pylori strain 7.13 and then analyzed using an MTT Cell Proliferation Assay (Sigma) to assess cell viability and proliferation or a Cytochrome c Oxidase Assay (Sigma) to assess apoptosis, according to the manufacturer's instructions.
Cell Migration and Invasion Assays-AGS human gastric epithelial cells were plated in a migration/invasion chamber within 24-well plates and then were left untreated or transfected with nontargeting (NT) siRNA, RABEP2-targeting siRNA, or G3BP2-targeting siRNA. During the transfection, cells were then cocultured with H. pylori strain 7.13 and harvested for analysis using a Chemotaxis Cell Migration Assay (Sigma) to asses cell migration or a Cell Invasion Assay (Sigma) to assess cell invasion, both according to the manufacturer's instructions.
Immunohistochemistry Analysis of Human Gastric Tissue-The Committees on Ethics of Universidad del Valle and Hospital Departamental de Nariñ o in Colombia, the Committees on Ethics of Pontificia Universidad Catolica de Chile, and the Institutional Review Board (IRB) of Vanderbilt University Medical Center approved this protocol. Gastric tissue samples from patients residing in regions of high gastric cancer risk in Chile or in the Colombian Andean mountains were used for immunohistochemistry analysis (24) . Immunohistochemistry was performed on paraffin-embedded tissue samples from H. pylori-infected patients with nonatrophic gastritis, multifocal atrophic gastritis, intestinal metaplasia, dysplasia, or gastric cancer. Tissue sections were deparaffinized and stained with a rabbit polyclonal anti-RABEP2 antibody (1:1000, Abcam) or a rabbit polyclonal anti-G3BP2 antibody (1:1000, Abcam). A single pathologist (MBP), blinded to treatment groups, scored epithelial RABEP2 and G3BP2 immunohistochemistry staining in the gastric sections. The percentage of positive epithelial cells was assessed, and the intensity of epithelial staining was graded on a scale of 0 -3 (absent (0), weak (1), moderate (2), or strong (3)). The immunohistochemistry score was determined by multiplying the staining intensity by the percentage of positively cells stained, as previously described (22) .
Experimental Design and Statistical Rationale-Proteomic iTRAQ experiments were performed on two independent occasions with two independent biological replicate experiments containing three individual animals per group. For statistical analysis of iTRAQ protein ratios, log 2 protein ratios for all quantified proteins were fit to a normal distribution using nonlinear (least squares) regression. The calculated mean derived from the Gaussian fit was used to normalize individual log 2 ratios for each quantified protein. The normalized log 2 ratios were then fit to a normal distribution, and the mean and standard deviation values derived from the Gaussian fit of the normalized ratios were used to calculate p values using Z score statistics. Subsequently, p values were corrected for multiple comparisons by the Benjamini-Hochberg method (BH FDR p Ͻ 0.05) (20) . After applying the multiple comparisons by the BH method, we allowed all quantified proteins with significant p values less than the BH correction. This resulted in the quantification of 166 proteins significantly altered in abundance following H. pylori infection (supplemental Table S1 ). For Ingenuity Pathway Analysis, a p value was calculated in IPA using Fisher's exact test, and the p value was then converted to a pathway score by converting the p value to the negative log of the p value for each pathway. For in vitro, ex vivo, and in vivo data, mean values with standard error of the mean were determined from experiments performed on at least three independent occasions. ANOVA and Mann-Whitney U tests were used for statistical comparisons. All experiments were performed on at least three independent occasions, and p Ͻ 0.05 was considered statistically significant. (13, 14) . To define host gastric proteomic changes that occur early following H. pylori infection in a controlled in vivo environment, Mongolian gerbils were challenged with Brucella broth (negative control) or with H. pylori strain 7.13. Gerbil gastric tissue was harvested 6 weeks post-challenge, prior to the development of premalignant lesions, to assess H. pylori colonization, inflammation, and global gastric proteomic changes in vivo. Colonization efficiency was 100% for all H. pylori-challenged gerbils (data not shown). Colonization density was not significantly different among H. pylori-infected gerbils from the two independent biological replicates, and, as expected, H. pylori were not isolated from uninfected (UI) gerbils (Fig. 1A) . To assess the topography of H. pylori throughout the entire gastric mucosa, Steiner staining was performed on gastric tissue sections from uninfected and H. pylori-infected gerbils. Steiner staining confirmed that H. pylori were distributed throughout the gastric glands of H. pylori-infected gerbils, whereas no H. pylori were detected among uninfected gerbils, as expected (Fig. 1B) . To assess the severity of gastric inflammation, gastric tissue sections were stained with H&E and then scored for acute and chronic inflammation within the antrum and corpus of the stomach. Mongolian gerbils infected with H. pylori exhibited significantly higher levels of gastric inflammation compared with uninfected animals (Fig.  1C) , and, at this stage of infection, most of the inflammation was acute and localized to the antrum.
H. pylori Selectively Dysregulates the Gastric Proteome In Vivo, Which Significantly Alters Inflammatory-and CancerSignaling Pathways-To define the effects of H. pylori on the host gastric proteome, Mongolian gerbil cell scrapings were harvested and pooled from gastric tissue isolated from H. pylori-infected gerbils or uninfected gerbils for quantitative proteomic analyses using isobaric tags for relative and absolute quantitation (iTRAQ) and then quantified targets were validated in in vitro human gastric epithelial cells, in vivo gerbil gastric tissue, ex vivo primary human gastric monolayers, and in vivo human tissue from patients at high risk for gastric cancer. This workflow is diagramed in Fig. 2 . The use of gastric cell scrapings allowed for analysis of heterogeneous population of cells that not only included the gastric epithelium, but also included inflammatory infiltrates within the ep-ithelium and submucosa. Based on the experimental design in Fig. 2 , pooled lysates were digested and labeled with iTRAQ reagents, and quantitative analyses were performed following 2D LC-MS/MS on a Q Exactive Plus mass spectrometer. Mass spectra were searched against a database containing the Mus musculus subset of the UniprotKB protein database because a complete annotated Meriones unguiculatus protein database is unavailable, and there is high homology between Mus musculus proteins and predicted Meriones ungulculatus genome sequences (25) . Quantitative proteomic analysis from two biological replicate experiments quantified a total of 2764 proteins, 166 of which were significantly altered in abundance following H. pylori infection, compared with uninfected samples (supplemental Table S1 ). Among these significantly altered proteins, 43 proteins were significantly up-regulated in gastric tissue from H. pylori-infected gerbils, whereas 123 proteins were significantly downregulated (supplemental Table S1 ). The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository (https:// www.ebi.ac.uk/pride/archive/) with the dataset identifier PXD009583. For the full list of quantified proteins and all identified peptides from the two biological replicate experiments, please refer to supplemental Tables S2 and S3 and  supplemental Table S4 and S5, respectively.
We next used Ingenuity Pathway Analysis (IPA) to identify biologically relevant canonical signaling pathways significantly altered by H. pylori. supplemental Table S6 contains a comprehensive list of the 337 canonical pathways that were significantly altered following H. pylori infection. Categorization of significantly altered pathways into biologically relevant subgroups revealed numerous immune-mediated pathways altered by H. pylori, the majority of which are involved in inflammatory signaling and immune regulation (n ϭ 83, Fig. 3 
the proximal duodenum, were fixed in 10% neutral-buffered formalin, embedded in paraffin, and stained with hematoxylin and eosin. A pathologist (MBP), blinded to the treatment groups, assessed indices of inflammation. Severity of acute and chronic inflammation was graded 0 -3 (absent (0), mild (1), moderate (2), or marked (3) inflammation) in both the gastric antrum and corpus. Each data point represents inflammation scores from an individual animal. Mann-Whitney U test was used to determine statistical significance between uninfected and infected groups. ***, p Ͻ 0.005.
There were also 22 pathways related to proliferation, differentiation, and apoptosis (Fig. 4A ) and 12 pathways related to cell cycle regulation (Fig. 4B) . Other relevant pathways identified included those related to tight junction, cytoskeletal, and extracellular matrix signaling (n ϭ 16, Fig. 5A ) as well as MAPK (n ϭ 15, Fig. 5B ) and PI3K (n ϭ 9, Fig. 5C ) signaling pathways. Table I includes all of the quantified proteins significantly altered in gastric tissue following H. pylori infection that specifically mapped to the most pertinent biological pathways and networks, including inflammatory signaling pathways (Fig. 3) , proliferation, differentiation, apoptosis, and cell cycle signaling pathways (Fig. 4) , cell-cell junction, MAPK, PI3K signaling pathways (Fig. 5) , and networks ( Fig. 6) (Table  I) . Sixty-four (Table I ) of the 166 quantified proteins significantly altered in gastric tissue following H. pylori infection (supplemental Table S1 ) specifically mapped to these pathways and networks (Table I ). In addition to the biological pathways, 20 different disease pathways related to cancer were also identified (data not shown). Importantly, when we assessed the disease pathways related to cancer, 145 (87%) of the 166 significantly altered proteins also mapped to cancer pathways.
Based on the high abundance of inflammatory signaling and cancer-related pathways, we next used IPA to determine the disease-related pathways that were significantly altered by H. pylori. supplemental Table S7 contains a comprehensive list of the 78 disease categories that were significantly altered following H. pylori infection. Among these disease pathways, several important categories were directly related to inflammatory disease pathways, including inflammatory response, cell-mediated immune response, immune cell trafficking, and inflammatory and immunological diseases (sup -FIG. 2 . Experimental workflow to identify and validate host proteins that are significantly altered by H. pylori infection and which are associated with gastric carcinogenesis in humans. Mongolian gerbils were challenged with Brucella broth (negative control, n ϭ 3) or with carcinogenic H. pylori strain 7.13 (n ϭ 3). Two biological replicate experiments were performed. Gerbil gastric tissue was harvested 6 weeks post-challenge to assess H. pylori colonization, inflammation, and global gastric proteomic changes in vivo. Proteins from pooled lysates from gastric tissue were digested, peptides were labeled with iTRAQ reagents, and quantitative analyses were performed following 2D LC-MS/MS on a Q Exactive Plus mass spectrometer. Data were searched and proteins were quantified using Spectrum Mill. Quantitative proteomic analysis from two biological replicate experiments quantified a total of 2764 proteins, 166 of which were significantly altered in abundance following H. pylori infection, compared with uninfected samples. Ingenuity Pathway Analysis (IPA) was used to identify biologically relevant canonical signaling pathways and disease pathways significantly altered by H. pylori. Protein targets were selected and validated in in vitro human gastric epithelial cells and ex vivo primary human gastric monolayers by Western blot analysis. Further, these targets were validated in in vivo gerbil gastric tissue and human gastric tissue specimens from patients at high risk for gastric cancer by immunohistochemistry.
plemental Table S7 ), pathways consistent with the host immune response to H. pylori infection. Specifically, we identified pathways related to the development of gastric cancer, including organ injury, gastrointestinal disease and cancer. Interestingly, among the cancer-related disease pathways, RABEP2, Rab GTPase-binding effector protein 2, was identi- 
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by guest on February 29, 2020 fied. Based the role of RABEP2 in gastrointestinal cancer (26), we next performed IPA-driven network analysis and were able to identify 12 major networks altered following H. pylori infection; importantly, one network connected RABEP2 to inflammatory signaling pathways related not only to H. pylori infection, but also to the development of cancer (Fig. 6 ).
H. pylori Significantly Up-regulates RABEP2 and G3BP2 Expression in In Vitro Gastric Epithelial Cells in a cag-dependent
Manner-In addition to RABEP2, other Rab/Ras proteins were identified among the iTRAQ results, including G3BP2, Ras GTPase-activating protein-binding protein 2, another protein important in carcinogenesis. We therefore validated expression levels in a subset of the proteomic targets by focusing on these two proteins, RABEP2 and G3BP2, which have been implicated in the development of inflammation and cancer. First, to validate the peptide sequences identified from the Mus musculus UniprotKB protein database search, we performed a BLAST search against the predicted protein sequences derived from Mongolian gerbil, Meriones unguiculatus, sequence data. All RABEP2 (n ϭ 5) and G3BP2 (n ϭ 2) peptides (supplemental Tables S4 and S5) queried had 100% identity between Mus musculus and Meriones unguiculatus.
Next, AGS human gastric epithelial cells were cocultured with the same H. pylori strain 7.13 used for in vivo infection to assess protein expression of RABEP2 and G3BP2 (Fig. 7) . In addition, we cocultured gastric epithelial cells with the H. pylori 7.13 cagE Ϫ and cagA Ϫ isogenic mutants to determine whether up-regulation of these targets was dependent on formation of the cancer-associated cag type IV secretion system or translocation of the effector protein, CagA, respectively. Consistent with our in vivo proteomic results, wild-type carcinogenic H. pylori strain 7.13 significantly up-regulated both RABEP2 and G3BP2, compared with uninfected gastric epithelial cells (Fig. 7) . Further, increased expression of RABEP2 and G3BP2 occurred in a cagE Ϫ dependent, indicating that H. pylori-induced up-regulation of these proteins   FIG. 4 . Proliferation, differentiation, apoptosis, and cell cycle pathways were significantly altered following H. pylori infection. Ingenuity Pathway Analysis (IPA) was used to determine canonical signaling pathways that were significantly altered in H. pylori-infected animals, as compared with uninfected controls. A, There were 22 pathways significantly altered with H. pylori infection that were related to proliferation, differentiation, and apoptosis. B, There were 12 pathways significantly altered with H. pylori infection that were related to cell cycle regulation. Canonical pathways are derived from the IPA nomenclature. Statistical significance is shown in the x-axis, and each canonical pathway is listed on the y-axis.
FIG. 5.
Cell-cell junction, MAPK, and PI3K signaling pathways were significantly altered following H. pylori infection. Ingenuity Pathway Analysis (IPA) was used to determine canonical signaling pathways that were significantly altered in H. pylori-infected animals, as compared with uninfected controls. Biologically significant pathways identified included 16 related to tight junction, cytoskeletal, and extracellular matrix signaling (A), 15 MAPK signaling pathways (B) and 9 PI3K signaling pathways (C). Canonical pathways are derived from the IPA nomenclature. Statistical significance is shown in the x-axis, and each canonical pathway is listed on the y-axis. requires formation of a functional cag type IV secretion system, but occurred independent of CagA, suggesting that other cag type IV secretion system effectors could contribute to altered expression (Fig. 7) . To confirm these results in additional human gastric epithelial cells lines, we cocultured SNU1 and MKN28 gastric epithelial cells with wild-type H. pylori 7.13 and its cagE Ϫ isogenic mutant and assessed RA-BEP and G3BP2 protein expression by Western blot analysis (supplemental Fig. S1 ). Consistent with the proteomics data and results from AGS cells (Fig. 7) , H. pylori significantly FIG. 6 . Network analysis identified RABEP2 as an important protein in inflammatory and signaling pathways implication in the development of inflammation and cancer. Ingenuity Pathway Analysis (IPA) was used to determine significant networks that were significantly altered in H. pylori-infected animals, as compared with uninfected controls. RAPEP2 was significantly up-regulated by iTRAQ and mapped to disease pathways and networks directly involved in inflammation, cancer, and gastrointestinal disease. Green designates proteins that were significantly downregulated, whereas red indicates proteins that were significantly up-regulated. Shapes indicate different functional categories of proteins, as defined in the inset. Lines indicate interactions among proteins within the network, as defined in the inset. Arrowheads indicate stimulatory interactions, whereas endcaps indicate inhibitory interactions. Solid lines indicate direct interactions, whereas dashed lines indicate indirect interactions. Table I ) quantified proteins significantly altered in gastric tissue following H. pylori infection map to significantly altered biological pathways and networks. These 64 pathways include inflammatory, proliferation, differentiation, apoptosis, cell cycle, cell-cell junctions, MAPK, and PI3K signaling pathways in addition to network analysis.
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b p values were corrected for multiple comparisons by the Benjamini-Hochberg (BH) method (BH FDR p Ͻ 0.05) (20) . After applying the multiple comparisons by the BH method, we allowed all quantified proteins with significant p values less than the BH correction. This resulted in the quantification of 166 proteins significantly altered in abundance following H. pylori infection, 64 of which are shown here.
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up-regulated RABEP2 and G3BP2 expression in a cagE-dependent manner in SNU1 and MKN28 gastric epithelial cells (supplemental Fig. S1 ).
H. pylori Significantly Up-regulates RABEP2 and G3BP2 Expression Ex Vivo In Primary Human Gastric Monolayers
In a cag-dependent Manner-To next assess RABEP2 and G3BP2 protein expression in a nontransformed model, we harvested primary gastric organoids from human fundus obtained during sleeve gastrectomies (23) . Human gastric organoids were then transferred to 2-dimensional (2D) gastric epithelial cell monolayers, as previously described (23) . Primary gastric monolayers were then cocultured with wild-type cag ϩ H. pylori strains 7.13 or PMSS1, or their isogenic cagE Ϫ mutants and harvested for Western blot analysis (supplemental Fig. S2 ). Consistent with the iTRAQ proteomic data and the in vitro data from gastric epithelial cells, wild-type cag ϩ H. pylori significantly up-regulated RABEP2 and G3BP2 protein expression in primary human gastric monolayers in a cagEdependent manner (supplemental Fig. S2 ).
H. pylori Significantly Up-regulates RABEP2 and G3BP2 Expression In Vivo In Gerbil Gastric Epithelium In a cag-dependent
Manner-To validate the proteomic data in gerbil tissue and determine cell specificity, we next infected Mongolian gerbils with wild-type carcinogenic H. pylori strain 7.13 and a 7.13 cagE Ϫ isogenic mutant. We then assessed epithelial RABEP2 and G3BP2 expression by immunohistochemistry in uninfected, 7.13-infected, and cagE Ϫ -infected gerbil gastric mucosa. Consistent with the iTRAQ proteomic data, RABEP2 (Fig. 8) and G3BP2 (Fig. 9) were significantly up-regulated in gastric epithelium following infection with H. pylori in a cagdependent manner as well as in premalignant lesions.
To further characterize cell specificity, we also isolated single cells from gastric tissue sections using a dissociation and dispersion technique that enriches for gastric epithelial cells for flow cytometry. Cells were then stained for an epithelial specific marker, pan-cytokeratin, and either RABEP2 or G3BP2 (supplemental Fig. S3 ). Epithelial cells were gated to assess expression of RABEP or G3PB2. Expression of both RABEP2 and G3BP2 significantly increased in epithelial cells isolated from H. pylori-infected gerbils, compared with uninfected gerbils. Thus, consistent with the in vitro and ex vivo primary human gastric epithelial cell data, H. pylori up-regulates RABEP2 (Fig. 8) and G3BP2 (Fig. 9 ) in gerbil gastric epithelium in a cag-dependent manner.
RABEP2 and G3BP2 Contribute to Carcinogenic Phenotypes In Human Gastric Epithelial Cells-To assess the potential functional roles of RABEP2 and G3BP2, we next transfected AGS human gastric epithelial cells with nontargeting (NT), RABEP2 siRNA, or G3BP2 siRNA and cocultured with H. pylori strain 7.13 to assess cellular proliferation, apoptosis, migration, and invasion (supplemental Fig. S4 ), characteristics associated with carcinogenic phenotypes. Western blot analysis and quantification demonstrated significant siRNA interference that resulted in ϳ80 and 73% reductions in RABEP2 and G3BP2 protein expression in H. pylori-infected gastric epithelial cells, respectively (supplemental Fig. S4A ). Decreased expression of RABEP2 resulted in a significant decrease in levels of proliferation, suggesting that RABEP2 may play a role in proliferation in response to H. pylori in vitro (supplemental Fig. S4B ). However, no differences were observed in the levels of apoptosis among transfected cells FIG. 7 . H. pylori up-regulates RABEP2 and G3BP2 in human gastric epithelial cells in vitro. AGS human gastric epithelial cells were cocultured with wild-type cagϩ H. pylori strain 7.13, a 7.13 cagE-isogenic mutant, or a 7.13 cagA-isogenic mutant at a multiplicity of infection (MOI) of 100:1 for 24 h. Western blot analysis was used to assess RABEP2 (A) or G3BP2 (B) protein expression relative to GAPDH protein expression. RABEP2 and G3BP2 protein expression levels were standardized to GAPDH expression, and densitometry was used to quantify all independent replicates. Data are represented as fold over uninfected (UI) control. Error bars indicate standard error of the mean from experiments performed on at least three independent occasions, and ANOVAs were used to determine statistical significance among groups. *, p Ͻ 0.05; **, p Ͻ 0.005; ***, p Ͻ 0.0005; ****, p Ͻ 0.0001.
FIG. 8. H. pylori up-regulates RABEP2
in vivo in gerbil gastric epithelium in a cag-dependent manner. A, RABEP2 protein expression was evaluated by immunohistochemistry in gerbil gastric tissue sections from uninfected gerbils, and gerbils infected with wild-type cagϩ H. pylori strain 7.13 or its cagE-isogenic mutant. A single pathologist assessed the percentage of epithelial RABEP2ϩ cells and the intensity of RABEP2 staining, as previously described (22) . The immunohistochemistry (IHC) score reflects the percentage of cells positive for RABEP2, multiplied by the intensity of staining. Each bar indicates the average epithelial IHC score with standard error of the mean. B, RABEP2 protein expression was evaluated in normal gerbil gastric mucosa (n ϭ 20) or gastric mucosa with advanced lesions (n ϭ 7, advanced), which included gastric dysplasia and adenocarcinoma. Three cases of nonatrophic gastritis were not included in these analyses. C, Representative images of RABEP2 protein expression in normal, gastritis, or dysplastic gastric tissue sections. ANOVA tests were used to determine statistical significance among groups. *, p Ͻ 0.05; **, p Ͻ 0.005. FIG. 9 . H. pylori up-regulates G3BP2 in gerbil gastric epithelium in vivo in a cag-dependent manner. A, G3BP2 protein expression was evaluated by immunohistochemistry in gerbil gastric tissue sections from uninfected gerbils, and gerbils infected with wild-type cagϩ H. pylori strain 7.13 or its cagE-isogenic mutant. A single pathologist assessed the percentage of epithelial G3BP2ϩ cells and the intensity of G3BP2 staining. The immunohistochemistry (IHC) score reflects the percentage of cells positive for G3BP2, multiplied by the intensity of staining, as previously described (22) . Each bar indicates the average epithelial IHC score with standard error of the mean. B, G3BP2 protein expression was evaluated in normal gerbil gastric mucosa (n ϭ 20) or gastric mucosa with advanced lesions (n ϭ 7, advanced), which included gastric dysplasia and adenocarcinoma. Three cases of nonatrophic gastritis were not included in these analyses. C, Representative images of G3BP2 protein expression in normal, gastritis, or dysplastic gastric tissue sections. ANOVA tests were used to determine statistical significance among groups. *, p Ͻ 0.05; **, p Ͻ 0.005.
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Molecular & Cellular Proteomics 18. 2 365 infected with H. pylori (data not shown). Reduction in the expression levels of both RABEP2 and G3BP2 also led to nonsignificant decreases in gastric epithelial migration and invasion (supplemental Fig. S4C-S4D Fig. 10 and 11) . From population studies in Colombia and Chile, it has been previously demonstrated that most patients are colonized with cag ϩ strains of H. pylori. Within the Colombian cohort, over 90% of subjects are colonized with H. pylori (27) . de Sablet et al. demonstrated that within the highrisk gastric cancer region of Colombia, 85.7% of strains are cag ϩ and this is directly associated with the severity of inflammation and disease (27) . Within the Chilean cohort, Araya et al. demonstrated that greater than 80% of subjects are colonized with H. pylori (28) . Among Chilean subjects with gastritis alone, 49% of the strains were cag ϩ and this directly correlated with the severity of inflammation and epithelial damage, indicating that presence of the cag pathogenicity island is associated with the severity of gastric damage (28) . The subjects from these two cohorts exhibited varying degrees of histologic pathology, including nonatrophic gastritis (NAG), multifocal atrophic gastritis (MAG), intestinal metaplasia (IM), and gastric adenocarcinoma (GC) ( Table II) . Consistent with the proteomics, in vitro, ex vivo, and in vivo validation data, epithelial protein expression of both RABEP2 (Fig. 10) and G3BP2 (Fig. 11 ) was significantly increased in parallel with the severity of gastric pathology, such that there was a progressive increase in RABEP2 and G3BP2 from nonatrophic gastritis to premalignant lesions, including multifocal atrophic gastritis, intestinal metaplasia, and dysplasia, as well as malignant lesions, including cases of gastric adenocarcinoma. These data indicate that RABEP2 and G3BP2 are significantly up-regulated in human gastric epithelial cells following acute infection with H. pylori, and that these proteins may also play a role in the progression along the gastric carcinogenesis cascade.
DISCUSSION
Although H. pylori is the strongest known risk factor for gastric cancer, the specific mechanisms by which this pathogen initiates gastric carcinogenesis are incompletely defined. It is increasingly apparent that disease outcomes are mediated through complex interactions between H. pylori virulence determinants and host cell responses. Here we have not only defined and validated early gastric proteomic changes that occur in vivo in the Mongolian gerbil model in response to infection with a carcinogenic strain of H. pylori, but we have also further shown that these proteins and associated signaling pathways may be implicated in the later stage transitions to premalignant and malignant gastric lesions in humans.
Using iTRAQ, we identified numerous proteins abundantly altered in the gastric mucosa in response to H. pylori infection in vivo, which likely contribute to important host cell responses driving the initiation and progression of gastric carcinogenesis. Using these proteomic data for pathway mapping, we identified numerous canonical signaling pathways that are commonly activated in response to H. pylori infection. Many inflammatory pathways were altered in response to H. pylori infection in this model, a finding consistent with previous data indicating that chronic inflammation induced by H. pylori is a major contributor to gastric carcinogenesis (2) .
Among the inflammatory pathways identified, many of these findings corroborated previous findings in human populations with H. pylori infection. Several cytokine families have been implicated in H. pylori-associated gastric carcinogenesis. For example, the IL-1 family of cytokines are central mediators of mucosal inflammation (29) , and IL-1 is induced by H. pylori (30) . Furthermore, IL-1 is a major risk factor associated with the development of gastric cancer (31) . Specifically, polymorphisms within IL-1␤ family members are associated with a significantly increased risk for gastric cancer, but only among persons infected with H. pylori (31) . Macrophage migratory inhibitory factor (MIF) plays a pivotal role in inflammatory diseases and is also increased with H. pylori infection (32) . MIF has also been shown to stimulate cellular proliferative responses (33) and is significantly increased in premalignant lesions and gastric cancer, further implicating its role in gastric carcinogenesis (34, 35) . IL-8 is a potent neutrophil chemoattractant and activating factor that mediates robust proinflammatory responses. IL-8 is increased by H. pylori infection in a cag-dependent manner (36) , and polymorphisms in IL-8 have been associated with increased risk of chronic atrophic gastritis and gastric cancer (37, 38) . IL-6 is an important mediator of inflammation and has been shown to promote a Th17-mediated inflammatory response. IL-6 expression correlates with disease status among patients with H. pylori-associated gastritis (39) as well as gastric cancer (40) . IL-17 is a T cell-derived cytokine capable of modulating the Th1 response. IL-17 is up-regulated by H. pylori during infection in vivo (41, 42) , and IL-17 genetic polymorphisms have been associated with increased susceptibility to gastric cancer (43) . Finally, tumor necrosis factor (TNF) is a cytokine involved in systemic inflammation and the Th1 response, and TNF is increased among patients with H. pylori-associated gastritis (39) .
In addition to altering inflammatory signaling pathways, H. pylori has also been shown to disrupt cellular junctional complexes (44) and induce cytoskeletal rearrangements that are reminiscent of unrestrained growth induced by growth factors (45) . H. pylori has also been shown to dysregulate the balance between gastric epithelial cell proliferation and apoptosis (46) , an effect which may influence gastric transformation. Pathway analysis revealed several alterations in junctional and cytoskeletal complexes (44, 45) , MAPK and PI3K signaling (45) , as well as proliferation, differentiation, and apoptosis (46) . In addition, disease pathways and networks that are directly related to gastrointestinal injury, disease, and the development of cancer were also identified. These identified pathways and networks will allow for future functional analyses of specific proteomic targets that have been previously uncharacterized with respect to either H. pylori infection or gastric carcinogenesis, but now (24) . Chilean samples were harvested during gastrectomy. UN ϭ data unavailable.
b Histological diagnosis represents the most advanced lesion reported and the area scored for IHC. NAG ϭ non-atrophic gastritis; premalignant lesions included MAG ϭ multifocal atrophic gastritis and IM ϭ intestinal metaplasia; and GC ϭ gastric cancer. Chilean subjects with GC did not receive chemotherapy or radiation therapy prior to gastrectomy.
c Hp ϭ H. pylori; 0 ϭ Hp-negative, 1 ϭ Hp-positive as determined by modified Steiner stain (24) . All Colombian patients were positive at the time of initial enrollment. H. pylori culture was not performed on Chilean samples (UN ϭ unavailable). may play an important role in the development of gastric injury and cancer. A more thorough understanding of these networks will ideally enable exploitation of targetable pathways and effectors for clinical benefit and disease prevention.
RABEP2 and G3BP2 were two proteins identified by iTRAQ and pathway mapping that were up-regulated among H. pylori-infected gerbils. These targets were validated in vitro in gastric epithelial cells and ex vivo in primary human gastric monolayers and, consistent with the results in the gerbil gastric tissue samples, these proteins were also significantly up-regulated in human gastric epithelial cells. Further, their up-regulation was mediated by the most intensively studied H. pylori virulence constituent, the cag type IV secretion system. These targets were also validated in gerbil gastric epithelium, where these proteins were significantly increased in a cag-dependent manner and paralleled the severity of gastric lesions. When these targets were validated in human gastric tissues collected from patients at high risk for gastric cancer, expression increased steadily along the gastric carcinogenesis cascade, suggesting that these proteins are up-regulated early during H. pylori infection and that their expression increases with each stage along the gastric cancer cascade. These are novel targets in that they have not been previously identified in conjunction with H. pylori infection or in the development of gastric cancer. However, RABEP2 has been previously demonstrated to play a role in membrane trafficking and in early endosome fusion (47) , but more importantly, was identified as a novel genetic susceptibility locus that predisposed to colon tumorigenesis in mice (26) . In addition, G3BP2 has been previously predicted to function as a scaffold protein that may be involved in transport (48) , but more importantly, is up-regulated in various human cancers (49 -56) . Furthermore, G3BP2 has been shown to function as a negative regulator of the tumor suppressor, p53 (57) and has also been identified as a downstream target of WNT5A, which is involved in gastric cancer metastasis (58) .
In conclusion, by using novel proteomic approaches and pathway analyses, we were able to define changes in the FIG. 10 . RABEP2 expression parallels the severity of gastric premalignant and malignant lesions in H. pylori-infected humans. A, RABEP2 expression was evaluated by immunohistochemistry in human populations at high risk for gastric cancer in Colombia and Chile. Gastric specimens from H. pylori-infected patients with nonatrophic gastritis, multifocal atrophic gastritis, intestinal metaplasia (premalignant) and gastric adenocarcinoma (malignant) were evaluated for RABEP2 immunostaining. Representative images are shown for nonatrophic gastritis, intestinal metaplasia, and gastric adenocarcinoma (200X and 400X magnification) . B, A single pathologist assessed the percentage of epithelial RABEP2ϩ cells and the intensity of RABEP2 staining. The immunohistochemistry (IHC) score reflects the percentage of cells positive for RABEP2, multiplied by the intensity of staining, as previously described (22) . Each bar indicates the average IHC score among patients with nonatrophic gastritis, multifocal atrophic gastritis or intestinal metaplasia (premalignant), or gastric adenocarcinoma (malignant) with standard error of the mean from the indicated number of patients evaluated. ANOVA tests were used to determine statistical significance among groups. ****; p Ͻ 0.0001. gerbil gastric proteome in response to H. pylori infection. These data mirrored alterations that develop among humans infected with H. pylori, further validating our prior studies that this model recapitulates many aspects of gastric inflammation and disease observed in humans. Importantly, this technique and approach allowed for identification and validation of novel protein targets that appear to play an important role in H. pylori-induced gastric carcinogenesis in individuals at high risk for gastric adenocarcinoma. Indeed, this technique and approach holds promise for accelerating the identification of novel biomarkers, which arise early in the inflammatory and carcinogenic cascade and which may have important applications in therapeutic intervention and disease prevention.
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